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Abstract
Measurements of correlated data on prompt-ﬁssion γ-rays (PFG) have been carried out for various actinide isotopes in recent
years using the Detector for Advanced Neutron Capture Experiments (DANCE) at Los Alamos National Laboratory (LANL). We
have developed a model that conveniently parametrizes the correlated data of γ-ray multiplicity and energy. New results on two-
dimensional prompt-ﬁssion γ-ray multiplicity versus energy distributions from spontaneous ﬁssion on 252Cf and neutron-induced
ﬁssion on 242mAm are presented together with previously obtained results on 233,235U and 239Pu. Correlated PFG data from 252Cf
are also compared to results of the detailed theoretical model developed at LANL, for diﬀerent thresholds of PFG energies. Future
plans to measure correlated data on ﬁssion fragments, prompt ﬁssion neutrons and γ-rays at DANCE are presented.
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1. Introduction
Understanding prompt ﬁssion γ-ray spectra is important for many applications of the ﬁssion process including
research and development of future nuclear reactors, new technologies for special nuclear material detection, and
basic understanding of the nuclear ﬁssion process, angular momentum eﬀects on ﬁssion fragments and energy balance
in ﬁssion. PFG radiation amounts on average to only 3% of the total energy released in ﬁssion. Typically, PFG
spectral intensities are measured by a few γ-ray sensitive detectors, in coincidence with ﬁssion-fragment detectors.
The average total PFG energy is then derived from the product of the average multiplicity <Mγ> and the average
energy <Eγ> of the measured spectrum. Measurements at DANCE, led by Lawrence Livermore National Laboratory
(LLNL), used a similar approach to extract the PFG intensity from spectra measured at DANCE for 252Cf(sf) and for
neutron-induced ﬁssion of 235U and 239,241Pu using spectral decomposition (Chyzh, 2012, 2013). Taking advantage of
the 4π solid angle coverage of DANCE, the PFG multiplicity distribution was also extracted using an inverse method
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approach. Both Eγ and Mγ distributions were assumed independent in this analysis. Recently, spectral intensities
of PFG for 252Cf and 235U(n,f) were measured using high-resolution fast-scintillation LaBr3 and CeBr3 detectors
(Billnert, 2013; Oberstedt, 2013) and average properties of PFG emission were determined.
These measurements, however, could not provide information on the distribution of the total PFG energy or the
correlations between PFG multiplicity and spectral intensity distributions. We developed a new approach that em-
ploys a parametrized model of correlated prompt-ﬁssion γ-ray emission. It was recently successfully implemented to
ﬁt the DANCE data on PFG neutron-induced ﬁssion for 233U, 235U and 239Pu (Jandel, 2012, 2013; Ullmann, 2013).
The parameterized model describes the PFG emission including the correlations between PFG multiplicity and spec-
tral intensity and reproduces the measured data on PFG at DANCE with remarkable accuracy. New results on PFG
emission in spontaneous ﬁssion of 252Cf and neutron-induced ﬁssion of 242mAm will be presented using the parame-
terized model of PFG emission. In addition, preliminary results on PFG in 252Cf(sf) will be presented using a recently
developed LANL code CGMF (Talou et al., 2013). This model includes all correlations between ﬁssion observables.
1.1. Experiments
Measurements of PFG were carried out using the DANCE array and a customized Parallel Plate Avalanche Counter
(PPAC) which tagged the ﬁssion events. Details of the experimental set-up can be found in (Jandel, 2008; Bredeweg,
2008). The excellent timing of the PPAC is demonstrated in Fig. 1 (a). The broader spectrum represents the co-
incidence spectrum of 160 BaF2 crystals of the DANCE array relative to a reference crystal. The timing between
PPAC signals and DANCE (shown also) demonstrate an excellent sub 500-ps resolution. The pulse height spectrum
of signals from the PPAC detector is shown in Fig. 1 (b).
Fig. 1. a) Timing between the DANCE detectors - gaussian with <2.5ns FWHM (solid line), and between the DANCE and one of the two signals
of the PPAC (dashed line); b) Pulse height spectra of signals from one side of the PPAC.
The PFG spectra were obtained in the oﬄine analysis of the DANCE data (Jandel, 2012b) requiring a 10-ns wide
coincidence window between a DANCE event and a PPAC signal. The BaF2 crystals were calibrated using γ-ray
calibration sources 88Y and 22Na. The photo-multiplier gain variations were corrected for, using a gain matching
procedure which takes advantage of the internal α radioactivity within the BaF2 crystals. The calibration coeﬃcients
were recalculated for each measurement run. In the case of 242mAm, this procedure was modiﬁed using 1.01 MeV γ-
rays from the decay of 238Np, present in the 242mAm sample. After the gain-matching procedure we have cross checked
the spectra corresponding to alpha particles from the radioactive decay in the BaF2 crystals for measurements with
252Cf and 242mAm samples. We concluded that energy calibration of the two measurements agrees within 0.6%.
1.2. Properties of prompt ﬁssion γ-ray emission
A parametrized model (PM) was developed to deduce the properties of the PFG. The PFG emission is described
by a two component spectrum. The distributions of multiplicity p1,2(Mγ) and γ-ray energy p1,2(Eγ) are assumed in
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Fig. 2. Two dimensional plots of prompt ﬁssion γ-ray total energy E′γtot (top row, panels a)-d)) and γ-ray energy E′γ versus multiplicity M′γ (panels
e)-h)), as measured in the DANCE array for spontaneous ﬁssion of 252Cf. The two dimensional plots were obtained in the oﬄine analysis for
diﬀerent thresholds on γ-ray energy, 150, 400, 1000 and 2000 keV, shown in columns from left to right, respectively.
the following forms:
p1,2(Mγ) = (2M1,2 + 1)e−M1,2(M1,2+1)/c
2
1,2 , p1,2(Eγ) =
dNγ
dEγ
∝ El1,2γ e−t1,2Eγ , (1)
where l1 = 2, l2 = 3 and Eγ spectra dependent on the PFG multiplicity Mγ = M1 + M2 using:
t1,2 = a1,2 + b1,2Mγ. (2)
A Monte-Carlo PFG event generator was created using the parametrization above. Transport of the γ-rays in the
DANCE array was simulated using a Geant4 model (Jandel, 2007). This model was recently parallelized by G. Rusev
and implemented on a cluster computer to improve accuracy and speed. The simulation results were compared with
the measured data and model parameters were tuned to optimize the model. The method of simulated annealing was
used to ﬁnd the set of optimum parameters (Jandel, 2013). The standard Chi-square metric was used to compare
two-dimensional correlated experimental data of E′γ - M′γ and E′γtot - M′γ to simulated spectra, where the “prime”
symbol indicates the measured quantities as detected in the DANCE array. In order to increase the accuracy of the
ﬁt, the correlated data from experiment were obtained for diﬀerent thresholds of detected γ-rays, as shown in Fig. 2,
for 252Cf spontaneous ﬁssion. The PFG spectra changed signiﬁcantly with increased detection threshold. They were
all included in the simultaneous ﬁt during the optimization procedure. The goal of the parametrization was to retain
the correlations between the multiplicity and energy of γ-rays even at higher energy thresholds. Energetic γ-rays may
play a more signiﬁcant role in applications, as they are more diﬃcult to shield.
In addition to the parameterized model, we have compared the PFG emission results for 252Cf to a theoretical
model developed recently at LANL. It is described in more detail in this proceedings (Talou et al., 2013). In the
theoretical model, implemented numerically in the code CGMF (Kawano, 2013), we considered each primary ﬁssion
fragment as a compound nucleus, with an average excitation energy distributed around ∼20 MeV. We simulated the
emission of neutrons and γ-rays using the Hauser-Feshbach formalism (Hauser and Feshbach, 1952) in a Monte Carlo
implementation (Becker, 2013). The energy was fully conserved, and the spin and parity followed their respective
conservation rules. The prompt neutrons carry away most of the available excitation energy, but do not modify
signiﬁcantly the initial fragments’ angular momenta. In contrast, the spin is mostly removed by the photon emissions,
dominated by dipole transitions.
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Fig. 3. Total PFG energy spectra as measured in the DANCE array for 252Cf(sf) for diﬀerent PFG multiplicities from M′γ=1-12. The panel on the
right shows the PFG energy spectra from 252Cf(sf) for PFG multiplicities M′γ=1-15. The black symbols are the measured DANCE data and lines
represent a Geant4 simulation using a parametrized model of PFG with the optimum set of parameters from Table 1.
2. Results
The optimization-procedure’s results for six free parameters of the parametrized model (PM) are summarized
in Table 1. The ﬁrst and second rows of the table present the coeﬃcients for 252Cf and 242mAm obtained in this
work, respectively. The next three rows show past results obtained for 233U, 235U and 239Pu neutron-induced ﬁssion
(Jandel, 2013). An excellent agreement is achieved between the parametrized model and DANCE measurement,
as is demonstrated in Fig. 3 in the case of 252Cf(sf). The total PFG energy spectra are shown for measured γ-ray
multiplicities M′γ=1-12 together with the PFG spectra for M′γ=1-15, in the right side of the ﬁgure. Similar agreement
was achieved for data from 242mAm neutron-induced ﬁssion. The parametrization provides full correlation between
the PFG multiplicity and energy.
The average properties of PFG emission are summarized in Table 2. In addition to average values of the PFG
multiplicity <Mγ>, energy <Eγ> and total energy <Eγtot>, we are reporting values of the standard deviations of
these distributions. These integral values are obtained for ﬁve diﬀerent threshold values of the PFG energy: 0, 0.15,
0.4, 1 and 2 MeV. The theoretical calculations using the CGMF code were performed for the same values of Eγ
thresholds and are shown in the table as well for the spontaneous ﬁssion of 252Cf. A good agreement is obtained
between the parametrized model and detailed calculation of the CGMF model. The spectral intensity of PFG in
252Cf(sf) is shown in Fig. 4 (a) for the parametrized model (PM), CGMF and a recent high resolution measurement
using LaBr3 detectors by (Billnert, 2013). The three spectra agree reasonably well for Eγ > 1.6 MeV, with the LaBr3
spectrum being slightly lower than both CGMF and PM models. For Eγ > 4.0 MeV, the agreement between PM and
CGMF models is excellent and the LaBr3 spectrum agrees also within given experimental uncertainties. The most
signiﬁcant diﬀerences are found between 0.6 and 1.6 MeV. For energies Eγ < 0.6 MeV, the spectrum is dominated by
discrete transitions leading to the ground state of primary ﬁssion products and the smooth parametrized model cannot
reproduce these structures. Fig. 4 (b) shows the spectrum of PFG multiplicity Mγ obtained using parametrization and
ﬁnally, Fig. 4 (c) shows the total γ-ray energy spectrum Eγtot. Results of PFG distributions of Eγ, Mγ and Eγtot for
neutron-induced ﬁssion of 242mAm are shown in panels d), e) and f) of Fig. 4, respectively.
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Fig. 4. Results on PFG emission from 252Cf(sf) and 242mAm(n,f) obtained in this work using the parametrized model. PFG spectral intensity for
252Cf is compared to the CGMF model (dashed line) and the model of Billnert et al. (dotted line) in panel a) (see text for details).
Table 1. Coeﬃcients of parametrization of PFG emission in spontaneous ﬁssion of 252Cf and neutron-induced ﬁssion of 242mAm, 235U, 233U and
239Pu for neutron incident energies between 4 eV and 500 keV. All results were obtained for a 10 ns wide coincidence window after the ﬁssion.
actinide c1 c2 a1 b1 a2 b2
252Cf 7.73(8) 2.57(3) 5.03(6) 0.0098(2) 1.65(2) 0.0406(7)
242mAm 7.17(5) 2.02(2) 3.80(3) 0.0467(3) 1.371(5) 0.0450(7)
239Pu 7.11 2.14 3.618 0.0454 1.403 0.0438
235U 6.2 2.06 3.610 0.0453 1.620 0.0458
233U 6.53 2.22 3.376 0.0449 1.575 0.0461
3. Summary
Extensive research was performed in the area of the PFG characterization using the DANCE array at the Los
Alamos Neutron Science Center at LANL. PFG correlated spectra were measured for 252Cf(sf), 242mAm, 233,235U and
239Pu, and described with a high accuracy using a parameterized model of PFG correlated emission. Results for
252Cf(sf) PFG are further used to adjust parameters of detail ﬁssion-fragment de-excitaion model CGMF where also a
good agreement was achieved.
An upgrade of the data acquisition is planned using 14-bit high-resolution digitizers instead of 8-bit digitizers.
This will improve the γ-ray energy resolution and also timing and ability to take signiﬁcantly larger amount of data
per proton pulse. Another signiﬁcant addition to the DANCE array is the development of a neutron-detector array
“NEUANCE” that will ﬁt inside the central cavity of DANCE and would replace the 6LiH shell currently in place.
Finally, the ﬁssion fragment detectors that would allow for total kinetic energy and mass measurement of ﬁssion
fragments are under development and would allow for nearly fully correlated ﬁssion output measurements at DANCE
in the future.
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Table 2. Average multiplicity Mγ, average energy Eγ, and total energy Eγtot in spontaneous ﬁssion of 252Cf, and neutron-induced ﬁssion of 242mAm,
235U, 233U, and 239Pu.
Actinide Reference Eγ threshold < Mγ> σ(Mγ) <Eγ> σ(Eγ) <Eγtot> σ(Eγtot)
[MeV] [γ/ﬁssion] [MeV/γ] [MeV/ﬁssion]
>0.0 8.1(1) 3.66 0.89(1) 0.8 7.2(1) 3.3
>0.15 7.84 3.65 0.92 0.80 7.19 3.32
252Cf(sf) This work >0.4 5.92 2.87 1.12 0.83 6.63 3.24
parameterized model >1.0 2.22 1.41 1.9 0.90 4.22 2.86
>2.0 0.77 0.83 2.90 0.82 2.25 2.52
>0.0 9.46 3.67 0.72 0.81 6.81 3.23
>0.15 7.34 3.16 0.91 0.83 6.64 3.22
CGMF >0.4 5.01 2.46 1.20 0.86 6.02 3.15
(Talou et al., 2013) >1.0 2.31 1.49 1.86 0.86 4.31 2.86
>2.0 0.73 0.79 2.87 0.83 2.10 2.34
(Billnert, 2013) >0.1 8.30(8) 0.80(1) 6.64(8)
(Chyzh, 2012) >0.15 - 9.5 8.16 0.94 (0.98) 7.67
ENDF/B-VII 7.7833
JENDL-4.0 8.3389
>0.0 7.13(5) 3.43 0.999(5) 0.88(1) 7.13(6) 3.32(3)
>0.15 6.99(5) 3.36 1.018(5) 0.88(1) 7.11 3.30
242mAm This work >0.4 5.72(5) 2.78 1.180(5) 0.90(1) 6.72 3.24
>1.0 2.36 1.47 1.905 1.00 4.50 2.91
>2.0 0.75 0.79 3.089 1.07 2.32 2.58
233U (Jandel, 2013) >0.0 6.76 3.15 1.077 0.830 7.24 3.32
ENDF/B-VII 6.31 0.866 5.47
235U (Jandel, 2013) >0.0 6.35 3.00 1.025 0.812 6.48 3.07
ENDF/B-VII >0.0 7.04 0.985 6.6
(Ullmann, 2013)
239Pu (Jandel, 2013) 7.1 3.31 1.052 0.875 7.4 3.58
ENDF/B-VII 7.78 0.866 6.74
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